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ABSTRACT 
 
The haptophyte Phaeocystis antarctica and the novel Ross Sea dinoflagellate that hosts 
kleptoplasts derived from P. antarctica (RSD; R.J. Gast et al., 2006, J. Phycol. 42 233–242) 
were compared for photosynthetic light harvesting and for oxygen evolution activity. Both 
chloroplasts and kleptoplasts emit chlorophyll a (Chl a) fluorescence peaking at 683 nm 
(F683) at 277 K and at 689 (F689) at 77 K. Second derivative analysis of the F689 band at 77 
K revealed two individual contributions centered at 683 nm (Fi-683) and at 689 (Fi-689). Using 
the p-nitrothiophenol (p-NTP) treatment of Kobayashi et al. (Biochim. Biophys. Acta 423 
(1976) 80-90) to differentiate between Photosystem (PS) II and I fluorescence emissions, we 
could identify PS II as the origin of Fi-683 and PS I as the origin of Fi-689. Both emissions could 
be excited not only by Chl a-selective light (436 nm) but also by mycosporine-like 
aminoacids (MAAs)-selective light (345 nm). This suggests that a fraction of MAAs must be 
proximal to Chls a and, therefore, located within the plastids. On the basis of second 
derivative fluorescence spectra at 77K, of p-NTP resolved fluorescence spectra, as well as of 
PSII-driven oxygen evolution activities, PS II appears substantially less active (~ 1/5) in 
dinoflagellate kleptoplasts than in P. antarctica chloroplasts. We suggest that a diminished 
role of PS II, a known source of reactive oxygen species, and a diminished dependence on 
nucleus-encoded light-harvesting proteins, due to supplementary light-harvesting by MAAs, 
may account for the extraordinary longevity of RSD kleptoplasts.  
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1. Introduction 
 
Chloroplasts are commonly known as the permanent, semi-autonomous, photosynthetic 
organelles of plants and algae. In addition, functional algal chloroplasts exist symbiotically in 
the cytoplasm of some protozoans (ciliates, foraminifera, dinoflagellates) and of a single 
taxon of metazoans (sacoglossan sea slugs) that feed on unicellular algae [1]. The process of 
engulfing algae and using their chloroplasts for photosynthesis by non-photosynthetic host 
cells has been termed kleptoplasty [2]. It is a remarkable type of symbiotic association, 
involving the maintenance of the chloroplasts—the ‘kleptoplasts’— in a functional state 
within a non-photosynthetic host cell.  This is noteworthy because in plant or algal cells the 
majority of genes involved in regulation of the chloroplast have been transferred to the 
nucleus over the long-term evolution of endosymbiosis, which is not likely to occur in short 
term kleptoplast associations. 
Dinoflagellates are a group of unicellular eukaryotes (protists) that includes autotrophic, 
heterotrophic, and mixotrophic species. Kleptoplasty, the temporary retention of functional 
chloroplasts derived from algal prey, has been described for several heterotrophic 
dinoflagellates [3-7]. A novel and abundant dinoflagellate group, related to the icthyotoxic 
genera Karenia and Karlodinium, but without sharing evolutionary history with its plastids, 
was discovered by Gast et al. [8] in the Ross Sea, Antarctica. The kleptoplasts of the novel 
Ross Sea dinoflagellates (RSD) are closely related to the free-living unicellular 
photosynthetic haptophyte Phaeocystis antarctica, a species that often dominates 
phytoplankton blooms in the Ross Sea. The RSD do not grow indefinitely in clonal 
(uniprotistan) culture, and can be maintained for a long-term only in mixed cultures with P. 
antarctica. When deprived of P. antarctica cells, RSD gradually lose their kleptoplasts over a 
period of 5–8 months, or longer [9, 10]. Other kleptoplastidic dinoflagellates generally need 
to acquire new plastids within 1 month, presumably because the acquired kleptoplasts do not 
maintain photosynthetic functionality over longer time periods [3, 6, 11]. On the other hand, 
chloroplasts sequestered within the sacoglossan sea slugs, are capable of photosynthesis for 
approximately 10-months in the absence of algal nuclei [12, 13].  
 Chloroplast functionality depends on a continual signal crosstalk between the chloroplast 
and the cell nucleus and on the importation by the chloroplast of nucleus-encoded and 
cytosol-synthesized proteins [14]. Particularly important among the latter are the Chl-
carotenoid-binding proteins of the light harvesting complexes (LHC) of photosystem II (PS 
II) and photosystem I (PS I). The finding that the RSD-hosted kleptoplasts are active for ex-
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traordinarily long times stimulated our interest in exploring the causes behind it. Toward that 
end, we used fluorometry to compare light harvesting characteristics and PS II-driven O2 
evolution to compare photosynthetic activities of RSD and P. antarctica cells.   
 Chl a fluorescence in vivo has been designated as “the signature of photosynthesis” [15] 
since it carries information not only on the pigment compositions of PS II and PS I but also on 
the dynamic interactions and regulations of complex photosynthetic sub-processes. For 
fluorometry we used suspensions of living cells (at 277 K) as well as frozen cell suspensions 
(at 77 K). Chl a fluorescence emission spectra and their inverted 2nd derivatives were used in 
order to identify the pigment compositions of PS II and PS I and, correspondingly, Chl a 
fluorescence excitation spectra in order to identify the light harvesting pigments that supply 
electronic excitation to reaction center complexes of PS II and PS I [16]. 
  In this report, we present evidence in support for two distinct subpopulations of MAAs in 
P. antarctica and in RSD cells, one cytosolic and the other plastidic and, further, for a 
photosynthetic light harvesting role for the plastidic MAAs. We also show, in terms of 2nd 
derivative analysis of fluorescence spectra, a diminished presence of PS II in the RSD 
kleptoplasts, compared to the P. antarctica chloroplasts. And lastly, on comparing PS II-
driven O2 evolution (a known generator of reactive oxygen species, ROS; see chapters in 
Demmig-Adams et al., ref. 17) we find the PSII of kleptoplasts substantially less active than 
the PS II of chloroplasts. On the basis of these findings, we propose that the reported 
functional longevity of RSD kleptoplasts [10] can be rationalized in terms (a) to a lower 
exposure to ROS and (b) to a lower dependence on nucleus-encoded light harvesting Chl a 
proteins (LHC) because of the supplementary light harvesting by plastidic MAAs.  
 
2. Materials and Methods  
 
2.1. Cell cultures and preparations 
A unialgal culture of P. antarctica was created by picking alga colonies and transferring 
them, through two washes in sterile medium, to fresh filter sterile f/2 + silica medium (culture 
medium) [18]. A culture enriched for RSD was created by collecting the cells from near the 
surface of a mixed RSD and P. antarctica culture. The resulting culture was more than 95% 
enriched in RSD dinoflagellate cells. P. antarctica and RSD cells were re-cultivated from the 
enriched cultures by inoculating cells into culture medium at 0–4 0C in an illuminated 
incubator with a photoperiod of 12 h light, 12 h dark.  
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To extract cell suspensions with the water and organic solvent miscible aprotic solvent 
dimethylformamide (DMF; 19, 20), the suspensions were centrifuged, DMF was added to the 
residue, and the resulting DMF extract was obtained after a second centrifugation.  
Total Chl (Chl a+Chl C2) concentration was determined according to Ritchie [21]. 
 
2.2. Absorbance Measurements  
Absorption spectra of cell suspensions were measured with a Hitachi U-3010 UV-visible 
scanning spectrophotometer (Hitachi High Technologies Corporation, Japan) that was 
equipped with a 60 mm integrating sphere, layered on the inside with BaSO4. The spectra 
were scanned from 300 nm to 700 nm, at a speed of 200 nm min
-1
. DMF extracts were 
measured with a Perkin Elmer 557 (PerkinElmer, Inc., Waltham, MA, USA), UV-visible 
scanning spectrophotometer. Displayed spectra are normalized to equal peak heights (= 1) at 
680 nm, in the case of cell suspensions, and at 664 nm in the case of the DMF extracts. 
Normalized spectra of DMF extract were used to derive the respective 2nd derivative inverted 
absorption spectra.   
 
2.3. Measurements of Chl a fluorescence 
Assay samples for fluorometry were prepared by injecting 200 µl cell suspension into 
quartz capillary tubes (2.5 mm internal diameter). Prior to freezing to 77 K with liquid 
nitrogen, the cells were dark adapted for 30 min, at 2-4 
0
C. Fluorescence was excited either at 
436 nm (Δλ = 10 nm; Chl a-selective excitation) or at 345 nm (Δλ = 10 nm; MAAs-selective 
excitation). Chl a fluorescence emission and excitation spectra were measured with a Hitachi 
F-2500 spectrofluorometer (Hitachi High Technologies Corporation, Japan), which was 
equipped with liquid-nitrogen sample housing and a red-sensitive photomultiplier. 
Fluorescence emission spectra were scanned with a detection bandwidth of Δλ= 2.5 nm, and 
with a Corning CS 2-60 cut-off filter to prevent stray exciting light from entering the 
measuring monochromator. Excitation spectra were scanned with a Δλ = 5 nm bandwidth by 
Chl a fluorescence detection either at 683nm for spectra recorded at 277 K, or at 689 nm for 
spectra recorded at 77, with Δλ = 5 nm.  
To quench selectively the Chl a fluorescence that originates PS II, the cells were treated 
with p-nitrothiophenol under illumination with red light (680 nm, Δλ = 5 nm), prior to 
freezing to 77 K and to recording the fluorescence spectrum, as described by Kobayashi [22, 
23]. The red light was obtained from the exciting monochromator of the Hitachi F-2500 
spectrofluorometer.     
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2.4. Photosystem II activity 
PS II activity was determined in terms of photosynthetic O2 evolution, by measuring the 
rate photosynthetic electron transport across PS II, from water, as electron donor, to phenyl-p-
benzoquinone (PBQ) as post-PSII electron acceptor at 2°C [24]. Assays were performed at 4 
0
C (277 K) with a Clark-type oxygen electrode (DW1; Oxygraph, Hansatech, King’s Lynn, 
U.K.) fitted with a slide projector to provide saturating actinic illumination to samples. The 
reaction mixture (1 ml) contained cells (RSD or P. antarctica) and 1 mM PBQ. Oxygen 
evolution rates are expressed in µmolO2 mg (total Chl)
-1
h
-1
. 
 
 
3. Results 
 
The absorption and pigmentation characteristics of P. antarctica and RSD cells are compared 
in Figs. 1(A-C). The two absorption spectra in Fig. 1A appear generally similar, except for the 
lower abundance of MAAs in the RSD cells compared to Phaeocystis. To obtain more 
quantitative values for the abundances of MAAs relative to Chl a in the two cell types, we 
calculated absorbance ratios of MAAs vs Chl a (AMAAs / AChl a) from the spectra in Fig. 1A, in 
the case of the alga and the dinoflagellate cell, and from those in Fig. 1B, in the case of their 
DMF extracts. The relative abundance of MAAs in P. antarctica cells, calculated from the 
absorbance ratio AMAAs/AChla = A325/A440, is ca. 2.11. In the RSD cells, the ratio AMAAs/AChla = 
A340/A440, drops to ca. 0.84, namely to about 40 % of the relative abundance ratio in P. 
antarctica cells. This dramatic drop in the relative abundance of MAAs upon the 
internalization of the alga cell by the dinoflagellate may suggest the co-existence of two 
subpopulations of MAAs in the alga, one cytosolic and more prone to digestion or loss in the 
dinoflagellate and the other plastidic (chloroplasts and kleptoplasts) and less prone to 
digestion. 
 Further corroborating evidence, for the existence of two distinct subpopulations of MAAs 
in P. antarctica and in RSD cells, is provided by comparing the relative MAAs abundances in 
the DMF extracts (Fig. 2B).  In the DMF extract of P. antarctica, the relative abundance ratio 
(calculated from AMAAs/AChla = A325/A436) is ca. 0.24, while in the DMF extract of RSD cells 
(calculated from AMAAs/AChla = A337/A436) it is ca. 0.59. It is important to mention here, that 
DMF extracts chlorophylls quantitatively [19, 20], so the calculated relative MAAs 
abundance ratios of cell suspensions and of DMF extracts are comparable. These results 
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show, therefore, that DMF extracts only a small fraction (about 11%) of the MMAs of the P. 
antarctica cells (which are mostly cytosolic) while, in contrast, it extracts about 70 % of the 
MAAs present in the RSD cells (which are mostly plastidic). 
 Detailed information about overlapping bands in an optical spectrum can be obtained 
from an inverted plot of its second derivative [25, 26]. In such plots, individual absorption or 
fluorescence bands are narrower, while the band maxima locations are unchanged. This 
information, together with reasonable estimates of spectral half-band widths, allows the 
deconvolution of a composite spectrum into individual overlapping contributions. Fig. 1C 
displays such inverted second derivative plots of the spectra the DMF extracted pigments in 
Fig. 1B. The broad bands of the latter spectra are resolved in Fig. 1C to individual absorption 
contributions which are assigned (after Zapata et al., ref. 27) as follows: Chl a (431 nm, 664 
nm); Chl c2 (452 nm, 580 nm, 625 nm); fucoxanthin (452 nm); β-carotene and xanthophylls 
(484 nm).  
 Figure 2 displays fluorescence emission spectra of RSD and P. antarctica cells, excited 
either at 345 nm (absorbed mostly by MAAs-specific absorption [28-30] but also by short-
wavelength tails of Chls a+c2; black lines) or at 436 nm (Chl a-specific absorption; grey 
lines), and recorded either at 277 K (A and C, cells active) or at 77 K (B and D, cells frozen). 
With either excitation, Chl a fluorescence peaks at the same wavelength, namely at 683 nm in 
the case of active cells (A and C) and at 689 in the case of the frozen cells (B and D).   
 In interpreting the fluorescence spectra on Fig. 2, it is important to notice that a solution 
of pure Chl a in diethyl ether absorbs at 350 nm  ~24% of the light it absorbs at 428 nm (at 
the Soret peak; see e.g., ref [31]). In view of that, it is quite interesting to notice that by 
exciting RSD cells at 345 nm the generated Chl a fluorescence is ~70% of that generated by 
excitation at 436 nm at 277 K (Fig. 2A) and ~82% of the same at 77 K (Fig. 2B). In either 
case, the expectation would be expected ~ 24%. A likely explanation for the unexpectedly 
stronger fluorescence at the 345 nm excitation is the presence a non-chlorophyll sensitizer 
that contributes to the detected Chl a fluorescence signal. A most reasonable candidate for 
this sensitizer are the MAAs. 
 In contrast, in the case of P. antarctica cells, excitation at 345 nm generates ~26% of the 
Chl a fluorescence generated at 436 nm at 277 K (Fig. 2C) and ~60% of that at 77 K (Fig. 
2D). These results may be explained by the fact that, in P. antarctica cells, MAAs are present 
in the cytoplasm (mostly) as well as in the chloroplasts. Not only the cytoplasmic MAAs 
cannot transfer excitation to Chl a, but they also block a fraction of the 345 nm excitation 
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from reaching the chloroplastidic MAAs. Altogether, these results suggest that the UV-
absorbing MAAs in the chloroplasts transfer electronic excitation to the Chls a in vivo. 
Figure 3 displays inverted second derivative plots of the 77 K fluorescence spectra of P. 
antarctica (black line) and of RSD cells (grey line), excited at 436 nm (Chl a absorption, A) 
and at 345 nm (MAAs absorption, B). These plots show clearly that the fluorescence bands of 
the algal cells and of the RSD cells are composites, each comprising two individual emission 
sub-bands which are centered at 682-683 nm (Fi-683) and at 689 nm (Fi-689). The salient 
observation of this experiment (see Fig. 3B) is that the MAAs of RSD cells are competent in 
exciting both the Fi-683 and Fi-689 sub-bands, although quite remarkably, to different extents: 
MAAs in RSD kleptoplast are less competent in exciting Fi-683 than the MAAs in algal cells, 
whereas with respect to Fi-689, both the alga chloroplast MAAs and the RSD kleptoplast 
MAAs are equally competent.  
 Figure 4 displays excitation spectra of the F683 and the F689 Chl a fluorescence bands 
emitted by P. antarctica cells at 277 K (A) and at 77 K (B) and by RSD cells emitted at 277 K 
(C) and at 77 K (D) respectively. The displayed spectra appear, more or less, similar, except 
that an excitation band at 520 nm is clearly resolved in the 77 K spectra of P. antarctica. (B 
and D). The excitation bands are tentatively assigned as follows [32, 33]: A340 (MAAs); A375 
(MAAs); A440 (Chl a); A465-520 (fucoxanthins, β-carotene, and Chls c2 and c3). Of particular 
interest is the ability of MAAs to sensitize Chl a fluorescence via electronic excitation 
transfer, possibly by other pigments, as suggested by Sivalingam [34].  
 According to Kobayashi et al. [22], p-nitrothiophenol (p-NTP) inhibits electron donation 
to PSII when added to chloroplasts in light, and at the same time it increases the Chl a 
fluorescence that PS II emits (as detected in the 77 K emission spectra). On the other hand, 
when added to chloroplasts in the dark, p-NTP had no effect on the PSII activity and its 
fluorescence. p-NTP has no effect on PS I when added to chloroplasts either in light, or in the 
dark [22].  In the experiment of Fig. 5, we used the p-NTP addition phenomenology, in order 
to assign the Fi-683 and Fi-689 sub-bands (resolved in the 77 K fluorescence spectra of P. 
antarctica and of kleptoplast-hosting RSD cells, see Fig. 3) to PS I and PS II. Emission 
spectra of untreated (black line) and of p-NTP-treated P. antarctica cells (grey line) are 
shown in Fig. 5A and corresponding spectra of RSD cells in Fig. 5B. All spectra are 
normalized to 1 at 689 nm.  
 According to Fig. 5A, and to the inset in it, the treatment of P. antarctica cells with p-
NTP led to an increase of Fi-683 and had no effect on Fi-689 compared to Fi-689. On this basis, 
we assign Fi-683 to PS II and Fi-689 to PS I. In the RSD cells (Fig. 5B), whose Chl a 
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fluorescence is centered at 689 nm, a treatment with p-NTP caused no stimulation of 
fluorescence. We do, therefore, assign, the F689 band of the kleptoplast RSD cells to PS I. 
Apparently, in the latter cells, PS II is much diminished, although not altogether missing, as 
indicated by the presence of a F683 emission in the inverted 2nd derivative kleptoplast 
fluorescence spectra shown in Fig. 3, A and B.  
 If the PSII activity is indeed diminished in the RSD cells, as the fluorimetric data indicate, 
then this should be reflected in their photosynthetic oxygen evolution activity. To confirm this 
expectation, we compared the oxygen evolution activities of P. antarctica and of RSD cells. 
In our experiment, we assayed photosynthetic electron transport from water (as electron 
donor) to phenyl-p-benzoquinone (as post-PS II) electron acceptor. The results are presented 
in Table 1, which shows the measured PS II activity RSD cells to be about 17% of that of P. 
antarctica cells. We conclude, from these results, the role of oxygenic PS II is severely 
diminished in the dinoflagellate-hosted kleptoplasts, compared to that of the alga prey 
chloroplasts.  
 
  
4. Discussion 
In this research we studied and compared the oxygenic photosynthesis of P. antarctica 
and of RSD cells which host kleptoplasts derived from P. antarctica chloroplasts. 
Specifically, we investigated changes in light harvesting photosynthetic pigments and the 
photosynthetic oxygen evolution activities (PS II activities) that accompany the conversion of 
active algal chloroplast to active dinoflagellate kleptoplast.  
 As the emission spectra (Figs. 2 and 3) and the excitation spectra (Fig. 4) of Chl a 
fluorescence show, the UV absorbing MAAs are capable of exciting Chls a of PS II and PS I, 
both in the alga chloroplast and in the dinoflagellate kleptoplast and, therefore, they must be 
included among the photosynthesis light harvesting pigments of these organisms, This result 
stands in conflict with the report of Moisan & Mitchell [23] who detected no Chl a 
fluorescence on exciting P. antarctica with UV light and concluded that MAAs-absorbed 
light is photosynthetically inactive. The discrepancy can be rationalized from the fact that 
Moisan and Mitchell [23] measured Chl a fluorescence at 730 nm (in the far red tail of the 
emission band, cf. Fig. 2) while we measured it at its peak emission (689 nm).  
 According to the classical theory of Th. Förster [35], the efficiency of intermolecular 
resonance electronic excitation transfer depends on two conditions: (a) the overlap between 
the donor emission spectrum and the acceptor absorption spectrum (both expressed in the 
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frecuency domain and normalized); and (b) the close proximity (the so-called R
-6
 law) 
between the interacting molecules.  Of the MAAs that have been identified in P. antarctica 
(mycosporine-glycine, mycosporine-glycine-valine and shinorine; ref. [36]) only shinorine 
has been reported to fluoresce; ref. [37, 38]). This, perhaps, relates to shinorine being a 
cyclohexenimine derivative, while the other two MAAs are cyclohexenone derivatives. When 
excited at 350 nm, shinorine emits weak fluorescence centered around 400 nm and extending 
to beyond 500 nm [39], therefore, its fluorescence overlaps completely with the Soret 
absorption band of Chl a (at 436 nm). The fact that we do see Chl a fluorescence by exciting 
MAAs indicates a close proximity of the MAAs to Chl a hinting to the presence of the MAAs 
within the plastids. 
 In their review, Shick and Dunlap [39] consider the localization of MAAs in chloroplasts 
a possibility that had to be proven. Our results indicate the presence of two distinct 
subfractions of MAAs, one in the cytosol and another in the plastids, that is further supported 
by the absorption spectra of whole cells and of their DMF extracts (Figs. 1, A & B). In P. 
antarctica, the major MAAs fraction is cytosolic. This fraction is expected to screen out UV 
light, but not to sensitize Chls a in the plastids. The plastidic MAAs fraction, on the other 
hand, is expected to sensitize Chl a fluorescence both in alga chloroplasts and in RSD 
kleptoplasts, although more in the latter case since there are no cytosolic MAAs to screen off 
MAAs-selective excitation.   
 The water-splitting and oxygen-generating function of PS II is known to be associated 
with the generation of ROS, such as singlet oxygen (
1
O2) and superoxide radical (O2
-
) which 
cause various kinds of damage to photosynthetic complexes and membranes (see chapters in 
Demmig-Adams et al., ref. 17). To a lesser extent, ROS are also formed in PS I. According to 
Shick and Dunlap (39), in addition to screening off UV light, the MAAs function as 
antioxidants, by scavenging for ROS formed during photosynthesis. In this task, the plastidic 
MAAs may be particularly important by being close to the PS II complexes.    
The possibility to distinguish between the 77 K Chl a fluorescence emissions of PS II and 
PS I enabled us to explore the changes in the light-harvesting pigment complements of the 
two photosystems that take place upon conversion of an active algal chloroplast to an active 
dinoflagellate kleptoplast. As evident from the inverted second derivatives plots on Figs. 3A 
and 3B, in kleptoplasts the excitation share of the PS II is substantially lower than in 
chloroplasts. This may imply a subdued role for PS II and, correspondingly, an enhanced role 
for PS I in the kleptoplast. Indeed, as the experiment on Table 1 confirms, the photochemical 
activity of PS II (assessed in terms of photosynthetic O2 evolution activity) is severely 
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diminished (< 20%) in the kleptoplast-hosting RSD cells compared to the chloroplast hosting 
P. antarctica cells. Thus, the kleptoplast seems to primarily operate its PS I in order to meet 
its requirements in low potential reducing compounds and high energy triphosphates. RSD 
may be viewed, therefore, as efficient photo-heterotrophs, whereas the Phaeocystis prey are 
efficient photo-autotrophs. 
  In conclusion, we suggest that the relative longevity of the RSD kleptoplast can be 
rationalized (a) in terms of a reduced role of PS II and (b) in terms of a lower dependence on 
nucleus-encoded and cytosol-synthesized light harvesting Chl a, c protein complexes, due to 
supplementary light harvesting for photosynthesis by MAAs.  
  
Acknowledgments 
We thank Dr. A. Kontos, INN NCSR Demokritos, Greece, for the use of the integrated sphere 
absorption spectrophotometer. 
  
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
 
12 
 
References 
 
[1] S. Cruzl, R. Calado, J. Serôdio, P. Cartaxana, Crawling leaves: photosynthesis in 
 sacoglossan sea slugs, J. Exper. Bot 64 (2013) 3999–4009. 
[2] J. Serôdio, S. Cruz, P. Cartaxana, R. Calado, Photophysiology of kleptoplasts: 
 photosynthetic use of light by chloroplasts living in animal cells, Phil. Trans. R. Soc. B 
 369 (2014) 20130242. 
[3]  S.D. Fields, R.G. Rhodes, Ingestion and retention of Chroomonas spp. (Cryptophyceae) 
 by  Gymnodinium acidotum (Dinophyceae), J Phycol. 27 (1991) 525–529. 
[4] E. Schnepf, M. Elbrächter, Nutritional strategies in dinoflagellates, Eur. J. Protistol. 28 
 (1992) 3–24. 
[5]  E. Schnepf, M. Elbrächter, Dinophyte chloroplasts and phylogeny – a review, Grana 38 
 (1999) 81–97. 
[6] A. Skovgaard, Role of chloroplast retention in a marine dinoflagellate, Aquat. Microbial 
 Ecol. 15 (1998) 293–301. 
[7] D.K. Stoecker, Mixotrophy among dinoflagellates, J. Eukaryotic Microbiol. 46 (1999) 
 397–401. 
[8] R.J. Gast, D.M. Moran, D.J. Beaudoin, J.N. Blythe, M.R. Dennett, D.A. Caron, 
 Abundance of a novel dinoflagellate phylotype in the Ross Sea Antarctica, J. Phycol. 42 
 (2006) 233–242. 
[9] R.J. Gast, D.M. Moran, M.R. Dennett, D.A. Caron, Kleptoplasty in an Antarctic 
 dinoflagellate: caught in evolutionary transition? Environ. Microbiology 9 (2007) 39–45. 
[10] C.G. Sellers, R.J. Gast, R. W. Sanders, Selective feeding and foreign plastid retention in 
 an Antarctic dinoflagellate, J.  Phycology 50 (2014) 1081–1088.  
[11] A.J. Lewitus, H.B. Glasgow, J.M. Burkholder, Kleptoplastidy in the toxic dinoflagellate 
 Pfeisteria piscicida (Dinophyceae), J. Phycol. 35 (1999) 303–312. 
[12] B.J. Green, W.-Y. Li, J.R. Manhart, T.C. Fox, E.J. Summer, R.A. Kennedy, S.K. Pierce, 
 M.E. Rumpho, Mollusc-algal chloroplast endosymbiosis: Photosynthesis, thylakoid 
 protein maintenance, and chloroplast gene expression continue for many months in the 
 absence of the algal nucleus, Plant Physiol. 124 (2000) 331–342. 
[13] M.E. Rumpho, F.P. Dastoor, J.R. Manhart, J. Lee, The kleptoplast. In: Wise RR, Hoober 
 JK eds. Advances in Photosynthesis and Respiration: the Structure and Function of 
 Plastids,  New York, NY: Springer, 2007, pp 451–473.  
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
 
13 
 
[14] T. Kleine, C. Voigt, D. Leister, Plastid signaling to the nucleus: messengers still lost in 
 the mists? Trends Genet. 25 (2009) 185–192. 
[15] G.C. Papageorgiou, Govindjee, Chlorophyll a Fluorescence: A Probe of Photosynthesis. 
 Kluwer Academic, Dordrecht, 2004. 
[16] K. Stamatakis, M. Tsimilli-Michael, G.C. Papageorgiou, On the question of the light-
 harvesting role of β-carotene in Photosystem II and Photosystem I core complexes, Plant 
 Physiol. Biochem.  81 (2014) 121–127 
[17] B. Demmig-Adams, Gy. Garab, W. Adams III, Govindjee (Eds), Non-photochemical 
 Quenching and Energy Dissipation in Plants, Algae and Cyanobacteria. In: Advances in 
 Photosynthesis and Respiration, Vol. 40, Springer-Dordrecht (2014).  
[18] R.R.L. Guillard, Culture of phytoplankton for feeding marine invertebrates in: W.L. 
 Smith, M.H. Chanley (Eds) Culture of Marine Invertebrate Animals, Plenum Press, 
 New York, 1975, pp. 26-60. 
[19] R. Moran, D. Porath D, Chlorophyll determination in intact tissues using N,N-
 dimethylformamide, Plant Physiol 65 (1980) 478-479. 
[20] R. Suzuki R,  T. Ishimaru, An improved method for the determination of phytoplankton 
 chlorophyll using N,N-dimethylformamide, J Oceanographic Soc, Japan, 46 (1990) 190 –  
 194. 
[21] R.J. Ritchie, Universal chlorophyll equations for estimating chlorophylls a, b, c, and d 
 and total chlorophylls in natural assemblages of photosynthetic organisms using acetone, 
 methanol, or ethanol solvents, Photosynthetica, 46 (2008) 115-126. 
[22] Y. Kobayashi, Y. Inoue, K. Shibata, Inhibitory effect of p-nitrothiophenol in the light on 
 the Photosystem II activity of spinach chloroplasts, Biochim. Biophys. Acta 423 (1976) 
 80–90. 
[23] Y. Kobayashi, Y. Inoue, K. Shibata, Light-dependent inhibitory action of p-
 nitrothiophenol on Photosystem II in relation to the redox state of electron carriers, 
 Biochim. Biophys. Acta 440 (1976) 600-608. 
[24] K. Stamatakis, G.C. Papageorgiou, The osmolality of the cell suspension regulates 
 phycobilisome-to-Photosystem I excitation transfers in cyanobacteria, Biochim. 
 Biophys. Acta, 1506 (2001) 172-181. 
[25] W.L. Butler, Fourth derivative spectra, Meth. Enzymol. 56 (1979) 501-515. 
[26] G. C. Papageorgiou, T. Lagoyanni, Photosynthetic properties of rapidly permeabilized 
 cells of the cyanobacterium Anacystis nidulans, Biochim. Biophys. Acta, 807 (1985), 
 172–181.  
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
 
14 
 
[27] M. Zapata, S.W. Jeffrey, S.W. Wright, F. Rodríguez, J.L. Garrido, L. Clementson, 
 Photosynthetic pigments in 37 species (65 strains) of Haptophyta: implications for 
 oceanography and chemotaxonomy, Mar. Ecol. Prog. Ser. 270 (2004) 83–102. 
[28] L. Riegger, D. Robinson, Photoinduction of UV-absorbing compounds in Antarctic 
 diatoms and Phaeocystis Antarctica, Mar. Ecol. Prog. Ser. 160 (1997) 13-25. 
[29] T.A. Moisan, B.G. Mitchell, Photophysiological acclimation of Phaeocystis antarctica 
 Karsten under light limitation, Limnol. Oceanogr. 44 (1999) 247–288. 
[30] T.A. Moisan, B.G. Mitchell,  UV absorption by mycosporine-like amino acids in 
 Phaeocystis antarctica Karsten induced by photosynthetically available radiation, Marine 
 Biology 138 (2001) 217-227. 
[31] H. K. Lichtenthaler, Chlorophylls and carotenoids: Pigments of photosynthetic 
 biomembranes, Meth. Enzymol. 148 (1987) 350-382. 
[32] Govindjee, Chlorophyll a fluorescence: A bit of basics and history, pp.  2-42; in: G.C. 
 Papageorgiou, Govindjee (Eds.), Chlorophyll a Fluorescence: A Signature of 
 Photosynthesis, Springer Science + Business Media, Springer, Dordrecht (2004). 
 [33] R.P. Rastogi, Richa, S.P. Singh, D.-P. Häder, R.P. Sinha, Mycosporine-like amino acids 
 profile and their activity under PAR and UVR in a hot-spring cyanobacterium Scytonema 
 sp. HKAR-3, Aust. J. of Bot. 58 (2010) 286-293. 
[34] P.M. Sivalingam, T. Ikawa, K. Nisizawa, Physiological roles of a substance 334 in algae. 
 Botanica Marina 19 (1976) 9-21. 
[35] Th. Fȍrster, Transfer Mechanisms of Electronic Excitation, Radiation Research suppl. 2 
 (1960) 326-339.  
[36] T. A. Moisan, E. G/ Mitchell. UV absorption by mycosporine-like aminoaxids in 
 Phaeocystis antarctica Karstens induced by photosynthetically available radiation. 
 Marine  Biology 138 (2001) 217-227. 
[37] F. R. Conde, M. S. Churio, C. M.Previtali,   The deactivation path of the excited-states of 
 the mycosporine-like aminoacids shinorine and Porphyra-334 in aqueous solution. 
 Photochem. Photobiol. Sci. 3(2004) 960-967. 
[38] R. Losantos, D. Sampedro, M.S. Churio, Photochemistry and photophysics of 
 mycosporine-like aminoacids and gadusols, nature’s ultraviolet screens. Pure and 
 Applied Chemistry (2015) 1-18.   
[39] J.M. Shick, W.C. Dunlap, Mycosporine-like aminoacids and related gadusols, Annu. 
 Rev. Physiol. (2002). 64 (2002) 223–262.  
  
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
 
15 
 
Figure Legends 
 
 
Fig. 1. (A) Absorption spectra of P. antarctica (black line) and of kleptoplast-hosting RSD 
cells (grey line). (B) Absorption spectra of DMF extracts of P. antarctica cells (black line) 
and of kleptoplast-hosting RSD cells (grey line). (C) Inverted 2nd derivatives of the spectra in 
Fig. 1(B). Spectra in A are normalized to equal peak heights (= 1) at 680 nm and in B are 
normalized to equal peak heights (= 1) at 664 nm; the normalized spectra in B were used to 
derive the spectra in C. Arrows indicate absorption peaks.   
 
Fig. 2. Chl a fluorescence spectra of kleptoplast-hosting RSD cells (A and B) and of P. ant-
arctica cells (C and D). The spectra were excited using either Chl a-selective excitation (436 
nm, grey lines), or MAAs-selective excitation (345 nm, black lines) and were recorded either 
at 277 K (A and C, cells active), or at 77 K (B and D, cells frozen). 
 
Fig. 3. Inverted 2nd derivative plots of the 77 K fluorescence emission spectra of P. antarc-
tica (black line) and of kleptoplast-hosting RSD cells (grey line), excited either at 436 nm 
(Chl a absorption, A); or at 345 nm (MAAs absorption, B). Fluorescence emission spectra, 
normalized to equal peak heights at 689 nm, were used to obtain the derivative spectra.    
 
Fig. 4. Chl a fluorescence excitation spectra of kleptoplast-hosting RSD cells (A & B) and of 
P. antarctica cells (C & D). The spectra in A & C were recorded at 277 K (Chl a fluorescence 
detected at 683 nm, with Δλ = 5 nm) and those in B & D at 77 K (Chl a fluorescence detected 
at 689 nm, with Δλ = 5 nm). Excitation was scanned from 300 nm to 640 nm, with Δλ = 5 
nm). Arrows indicate the peaks in the spectra. 
 
Fig. 5. Effects of treating P. antartica cells (A), and of kleptoplast-hosting RSD cells (B) at 
277 K, with p-nitrothiophenol under red light (680 nm, Δλ = 5 nm) on their Chl a fluores-
cence spectra at 77 K. Black lines, untreated cells (control); grey lines, treated cells. Inset to 
Fig. 5A: Difference fluorescence spectrum of P. antartica cells (ΔF = F(+p-NTP) ‒ F(p-NTP)). 
Fluorescence was excited at 436 nm (Δλ = 10 nm). 
 
  
  
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
 
16 
 
 
 
Fig. 1 
  
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
 
17 
 
 
 
Fig. 2 
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Fig. 3 
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Fig. 5  
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Table 1 
Photosynthetic oxygen evolution activity by Photosystem II of P. antarctica and of 
kleptoplast-hosting RSD cells. 
----------------------------------------------------------------------------------------------------------------- 
                                                                                 Oxygen Evolution Activity
1
 
  Cells                                                                        (μmol O2 mg (total Chl)
-1
h
-1
) 
---------------------------------------------------------------------------------------------------------------- 
P. antarctica                                                                   114.33 ± 4.02 
RSD-kleptoplasts                                 20.02 ± 6.08 
-----------------------------------------------------------------------------------------------------------------
- 
1
Activity values are means ± s.e (n = 3) 
 
  
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
 
22 
 
 
 
 
 
 
Bullets 
 
 
 Ross Sea dinoflagellate kleptoplasts derived from P. antarctica photoevolve O2.           
 
 UV-absorbing mycosporine-like aminoacids (MAAs) sensitize Chl a fluorescence.  
 
 Kleptoplast Photosystem II (PS II) activity is suppressed compared to chloroplasts.   
 
 Less active PS II plus light harvesting by MAAs prolong kleptoplast functionality.   
 
●    RSD is efficient photo-heterotroph, whereas the algal prey is efficient photo-autotroph. 
